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Introduction

The key to the treatment of acute myocardial infarction 
(AMI) is early restoration of coronary blood flow and 
myocardial reperfusion (1). However, even after infarct-
related coronary recanalization, 10–30% of the myocardium 
in the ischemic area is still under perfused due to ischemia-
reperfusion injury (IRI) (2). Studies have found that IRI is 

closely related to the active system of nitric oxide (NO) and 
its main regulator, nitric oxide synthase (NOS) (3-5). NO 
plays an important role in IRI by regulating blood pressure, 
dilating blood vessels, inhibiting platelet aggregation, 
inhibiting leukocyte adhesion and mediating cytotoxic 
effects (6).

AMI is a phenomenon of myocardial necrosis caused by 
coronary ischemia and hypoxia (7). At present, percutaneous 
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coronary intervention (PCI) is the standard treatment, and 
Thrombolysis In Myocardial Infarction (TIMI) grade 3 
blood flow can be restored in epicardial coronary arteries 
in most patients after PCI. However, many patients with 
normal epicardial blood flow will still have the myocardial 
“no-reflow” (NR) phenomenon, and reperfusion can 
also damage cardiomyocytes. Ischemic preconditioning 
(IPC) refers to the phenomenon of ischemic reperfusion 
increasing the tolerance of tissues and organs to a longer 
ischemic period after repeated short reperfusions (8,9). 
Calcium overload, leukocyte infiltration and free radicals 
can lead to myocardial reperfusion injury. Endothelin-1 
(ET-1) is a vasoconstrictor factor originally identified 
in vascular endothelial cells, but can also be produced 
in some vascular smooth muscle and muscle cells, with 
a strong vasoconstrictor effect (9). The density of ET-1 
receptors in myocardial cell membranes increases during 
myocardial ischemia, and the reactivity of the myocardium 
and coronary arteries to ET increases, leading to the NR 
phenomenon during reperfusion, which suggests that ET 
may be involved in the pathogenesis of myocardial IRI. On 
the other hand, increased ET aggravates ischemic myocardial 
damage, reduces coronary blood flow, causes leakage of 
myoglobin and lactate dehydrogenase from myocardial cells, 
myocardial lipid peroxidation and calcium accumulation, ET 
also aggravates reperfusion injury, and promotes extension 
of myocardial infarction (10). Therefore, the ET-1 level can 
indicate the extent of myocardial IRI (11).

The vascular endothelium maintains homeostasis 
through interplay of relaxation factors (RF) and contractile 
factors (CF), among which ET plays an important role (12). 
When unbalanced, abnormal vasoconstriction and diastolic 
function and cardiovascular diseases may occur. ET, as the 

most powerful vasoconstrictor and endogenous pathogenic 
factor, mainly includes ET-1, ET-2, ET-3 and vasointestinal 
constrictor peptide (VIC) (13,14). In recent years, the 
distribution of ET and VIC in the cardiovascular system, 
physiological function and the relationship to cardiovascular 
diseases have been extensively studied and shown that 
NO maintains the ET-1 validation state, prevents platelet 
and white cells adhesion and aggregation in the vascular 
endothelium, inhibits vascular smooth muscle proliferation 
and thus protects the vascular endothelium from  
damage (15). NO release and dysfunction play an important 
role in coronary atherosclerosis, myocardial ischemia and 
myocardial infarction (16). Under pathological conditions, 
the protective mechanisms of the vascular endothelium 
are weakened or disappear, the release of ET and NO is 
unbalanced, the CF dominates or the response of vascular 
smooth muscle to these factors is changed, which will lead 
to and aggravate the occurrence of myocardial ischemia, 
hypertension and other cardiovascular diseases.

Therefore, this study investigated whether L-arginine 
(LA), the precursor of NO, and ET-1, has synergistic 
protective effects on myocardial IRI. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-4998/rc).

Methods

Experimental groups

The study animals (60 healthy Sprague Dawley rats, 
30 male rats and 30 female rats, the age of the rats was  
4.52±0.43 months (3–6 months), weight: 30.21±1.47 g  
(18–40 g); Animal Experimental Center of Tongji University 
Medical College) were randomly divided into 6 groups of 
10 rats. The first 5 groups were the experimental groups: 
LA10 group, LA100 group, LA10 + ET-1 group, LA100 
+ ET-1 group, and ET-1 group. The LA10 and LA100 
groups were given Krebs-Henseleit (KH) perfusion solution 
containing 10 and 100 mmol/L LA, respectively, for  
30 min before myocardial ischemia, then were reperfused 
with ET-1 for 90 min. The LA10 + ET-1 and LA100 
+ ET-1 groups were given KH solution containing ET-1  
(1,000 U/L) for 5 min and then continued to be perfused with 
the respective KH solutions without ET-1 for 25 min. The 
ET-1 group was given KH perfusion solution containing ET-1  
(1,000 U/L) for 5 min at the early stage of myocardial 
reperfusion without any drug dose before ischemia (17-19).
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The 6th group was the control group, and these rats were 
perfused with KH solution without LA before myocardial 
ischemia and then were perfused with KH solution without 
ET-1 for 30 min after cardiac arrest.

A protocol was prepared before the study without 
registration. Animal experiments were performed under 
a project license (No. 20210087) granted by institutional 
ethics board of Jiangxi provincial People’s Hospital, The 
First Affiliated Hospital of Nanchang Medical College, in 
compliance with Guide for the Care and Use of Laboratory 
Animals, 8th edition.

Construction of animal model

The Langendorff perfusion model of isolated rat heart was 
established and modified. Langendorff retrograde perfusion 
was performed at 8.3 kPa pressure and all KH solution 
filled with 95% O2 and 5% CO2 mixture (pH: 7.4, 37 ℃) for  
15 min. Cardiac function indicators were recorded (as 
baseline values), the aortic tube was closed and the aortic 
root was transferred to 6.0 KPa pressure retrograde 
perfusion. The surface of the heart was cooled with cold 
normal saline was refused every 30 min during the period 
of arrest. Cardiac function indexes were measured and 
myocardial zymography of the coronary effluent was 
performed during the period of Langendorff perfusion  
30 min after 90 min of cardiac arrest.

Observational indexes

(I) Heart rate (HR) and left ventricular systolic pressure 
(LVSP) were recorded by multichannel physiological 
instrument (CDCLVP111-SP). The maximum rate 
of change of LVSP [± DP/DTmax (peak first derivative 
of artery pressure)] was measured on a preischemic 
basis. The baseline level was the percentage of heart 
function recovery (%) at 30 min of reperfusion 
compared with 100%. 

(II) Coronary flow per minute before ischemia and 
at reperfusion was calculated as the percentage of 
recovery at reperfusion (%) with a baseline value of 
100% before ischemia. 

(III) At 5–10 min of reperfusion, lactic dehydrogenase 
(LDH) and creatine phosphokinase (CPK) on an 
automatic biochemical analyzer. 

(IV) The NO content in the coronary effluent was 
determined by nitrate reductase colorimetry. 

(V) Determination of malondialdehyde (MDA) content 

in myocardial tissue was performed using the kit 
provided by Nanjing Jiancheng Bioengineering 
Institute, according to the instructions.

(VI) At the end of the experiment, ultrathin sections of 
myocardial tissue samples from the same location at 
the apex were created by the conventional method 
for electron microscopy.

Sampling and determination of infarct size

At the end of the experiment, 4% Thioflavin-S was infused 
into the left atrial appendage to stain the reflow area, and 2% 
Evan’s blue was injected into the left anterior descending 
artery after ligation to stain the lateral side of the ligated 
area. Animals were killed with intravenous 15% potassium 
chloride, the heart was removed and the left ventricle 
sectioned along the long axis. Tissue blocks of 2×5×10 mm 
were collected from the normal area, the reflow area and the 
no-reflow area of the myocardium under fluorescent lamp 
(the reflow area fluoresced, the no-reflow area did not), 
and stored in liquid nitrogen for use, and the remaining 
myocardium was weighed.

Determination of tissue water content

The left ventricle and septum were separated, and their wet 
weight was determined before placement in a drying oven. 
After 48 h, the dry weight was weighed (accurate to 0.1 mg). 
In addition, 0.3 g of myocardial tissue from the normal area, 
reflow area and non-reflow area were weighed and then 
placed in a drying oven for 48 h. The dry weight (accurate 
to 0.01 mg) was measured and the tissue water content was 
= (wet weight – dry weight)/wet weight × 100%.

Measurement of cardiomyocyte cross-sectional area 

Sections stained with hematoxylin-eosin (HE) were 
observed under high magnification (×10), 50 round or 
oval cardiomyocytes with nuclei were selected in the field 
of view, and their transverse diameters and areas were 
measured, and the mean values were recorded.

Statistical analysis

Data of each group are expressed as mean ± standard deviation. 
The baseline value of each group before ischemia was the 
recovery value during reperfusion (LVSP ± DP/DTmax) and 
LDH/CPK release bar NO content and MDA content were 
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determined by one-way analysis of variance. SPSS26.0 (IBM, 
Chicago, USA) was used for statistical processing.

Results

Changes in cardiac function and coronary flow

Among the groups there was no significant difference in 

baseline values before myocardial ischemia or in HR during 
reperfusion. The recovery value of the left ventricular 
function index (LVSP ± DP/DTmax) in the LA10 group was 
higher than in the Control group (P<0.01). The recovery 
value of LV function index in ET-1 group (LVSP ± DP/
DTmax) was also higher than in the Control group (P<0.01), 
but there was no significant difference between the ET-1 
and LA10 groups. There was no significant difference 
in CF/min between the ET-1 and Control groups. The 
recovery value of the left ventricular function index and CF 
value in the LA100 group were significantly lower than in 
the Control group (P<0.05), whereas they were higher in 
the LA10 + ET-1 group than in the LA10 and ET-1 groups 
(Table 1).

Release of LDH and CPK

After 5–10 min of reperfusion, the LDH-CPK leakage 
of both the LA10 and ET-1 groups decreased compared 
with the Control group, but without statistical difference 
between the LA10 and ET-1 groups. The LDH-CPK 
leakage of the LA100 group was significantly increased 
compared with the Control group. Compared with the 
LA10 + ET-1 group, the LA100 + ET-1 group showed a 
significant decrease in LDH-CPK leakage, and was the least 
among the groups (Table 2).

Determination of NO in coronary effluent

There was no significant difference in the NO content in 
coronary effluent between the LA10 group and LA100 group 
at 5–10 min after reperfusion. The LA10 group was higher 
than the Control group and the LA100 + ET-1 group was 
significantly higher than the LA100 group (Table 3).

MDA content in myocardial tissue

Compared with the Control group, the MDA content in 
the myocardium of the LA100 group was significantly 
increased (P<0.01), reflecting the obvious aggravation of 
lipid peroxidation. The MDA content in myocardium was 
significantly decreased (P<0.01), but there was no statistical 
difference in MDA content between the LA10 and Control 
groups (Table 4).

MRI features of myocardial infarction

MRI was performed with a Siemens Magnetom Avanto 1.5T 

Table 1 Left ventricular function and CF recovery at 30 min after 
myocardial ischemia-reperfusion

Group HR (Times/min) LVSP (Pa) CF (mL/min) 

LA10 86.8±3.1 70.3±3.9 88.5±14.1

LA100 87.3±3.0 31.6±4.1 41.8±11.7

LA10 + ET-1 87.6±4.1 79.7±3.7 99.6±15.3

LA100 + ET-1 86.6±3.8 88.6±3.1 110.2±11.1

Control 88.6±3.5 51.1±4.4 63.2±10.1

Data were presented as mean ± standard deviation. HR, heart 
rate; LVSP, left ventricular systolic pressure; CF, contractile 
factors; LA, L-arginine; ET-1, endothelin-1.

Table 2 LDH and CPK activity in coronary effluent after ischemia-
reperfusion

Group LDH CPK

LA10 56±4.1 78±6.4

LA100 150±15.9 157±20.8

LA10 + ET-1 49±3.8 69±5.8

LA100 + ET-1 32±3.5 5±4.7

Control 73±8.2 106±8.6

Data were presented as mean ± standard deviation. LDH, lactic 
dehydrogenase; CPK, phosphokinase; LA, L-arginine; ET-1, 
endothelin-1. 

Table 3 NO content in coronary effluent at 5–10 min after 
myocardial ischemia-reperfusion

Group NO (μmol/mL)

LA10 69±8.2

LA100 120±11.3

LA10 + ET-1 73±6.8

LA100 + ET-1 162±13.5

Control 36±6.2

Data were presented as mean ± standard deviation. NO, nitric 
oxide; LA, L-arginine; ET-1, endothelin-1.
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32-channel machine (gradient field of 45 mT/m; gradient 
switching rate of 200 T/m/s). Imaging was triggered by 
ECG-gated R wave with the phased-front ring. Myocardial 
perfusion scanning used the turbo fast low angle shot 
magnetic resonance (FLASH) sequence (Figure 1).

Morphological changes of myocardial tissue under light 
microscopy

Myocardial cells were arranged neatly, showing no 
degeneration, interstitial edema or bleeding. In the 
Control group, the myocardial cells were disordered, 
and there was obvious local degeneration, interstitial 
edema and bleeding. The myocardial sarcoplasm showed 
eosinophilic staining, blurred or nonexistent transverse 
lines, obvious disorder of muscle fibers and myofilaments, 
and infiltration of inflammatory cells in the interstitium. 
Edema and degeneration were reduced compared with the 

control group. Myocardial cellulose was disordered with 
local corrugations, some muscle fibers had dissolved and 
liquefied, and a small number of red blood cells appeared in 
the myocardial interstitium (Figure 2).

Cell immunofluorescence analysis

The cell immunofluorescence assay showed that most of 
the myocardial tissues in sham operation group showed 
negative staining, and a few areas showed brown-blue 
positive expression. Most of the myocardial tissues showed 
dark brown-yellow particles, which were mostly expressed 
in the cytosol or intercellular space (Figure 3).

Discussion

Myocardial IRI refers to that after resuming blood 
reperfusion, the ischemic myocardium will aggravate 
its structural damage, cause cell death, expand the 
scope of myocardial infarction, cause further damage 
to cardiac function, and affect the prognosis of patients 
with myocardial infarction. At present, the reason is not 
completely clear. At present, the main reasons include 
calcium overload, leukocyte infiltration and free radical 
damage. NO is the endoderm-derived relaxing factor outer 
endothelium-derived relaxing factor (EDRF) and it is 
proved that the N-terminal guanidine deamination of LA is 
formed in mammalian vascular endothelial cells by NADPH 
left Ca2+/calmodulin dependent NO synthase NO and 
L-citrullinated Comply act like messenger transmitters by 

Table 4 MDA content in myocardial tissue

Group MDA (μmol/mg) 

LA10 2.06±0.15

LA100 4.5±0.23

LA10 + ET-1 0.92±0.1

LA100 + ET-1 0.80±0.08

Control 2.18±0.18

Data were presented as mean ± standard deviation. MDA, 
malondialdehyde; LA, L-arginine; ET-1, endothelin-1.

Figure 1 Regional distribution of coronary artery branches supplying the myocardium. 
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activating guanylate cyclase to increase intracellular cGMP 
levels (20). The relationship between the dose of NO and 
myocardial IRI has attracted more and more attention and 
currently it is considered that NO release from vascular 
endothelial cells in the basal state plays an important role in 
maintaining the cardiovascular system in a constant diastolic 
active state (21-25).

NO is a strong vasodilator of the coronary arteries 
and improves microcirculation (26). It is well known 
that neutrophils aggregate and attach to the coronary 
endothelium, causing a respiratory burst and producing 
large amounts of oxygen free radicals, which play an 
important role in myocardial IRI (27). NO inhibits platelet 
chemotactic aggregation and adhesion to the vascular 

A B

C D

Figure 3 Cell immunofluorescence assay (×50).
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Figure 2 Pathological staining of ischemic myocardium (HE, ×10). Red arrows showed a small number of red blood cells appeared in the 
myocardial interstitium. HE, hematoxylin and eosin.
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endothelium (28). In recent years, studies have shown that 
the damage to coronary endothelial cells during myocardial 
IRI is caused by the presence of (I) LA depletion; (II) LA 
transport system barriers; and (III) superoxide anion O2 
inhibiting the activity of NOS or directly inactivating 
NO, all of which reduce the release of NO synthase, and 
the reduction in NO is involved in myocardial IRI (29). 
The sequence of action is: coronary artery contraction, 
neutrophil granule cell aggregation, concentration, oxygen 
free radical explosion, coronary artery abnormal response 
to platelet aggregation, and spasm and narrowing of the 
occluded coronary artery (30).

Other studies (31-33) have reported that NO is harmful; 
namely, it increases myocardial IRI through a mechanism 
related to superoxide anions. In aqueous solution of NO and 
superoxide anion, the free radical reaction quickly generates 
peroxynitrite anions, which are a very strong oxidizing toxic 
substance leading to cell membrane lipid peroxidation and 
other components of oxidative damage (34).

As soon as the concept of myocardial IPC was proposed, 
it became a hot topic of research. IPC can reduce 
myocardial IRI, and myocardial no-reflow. One of the most 
important mechanisms of IRI is mitochondrial damage. 
When mitochondria become dysfunctional, their oxidative 
phosphorylation, which powers the cardiomyocytes, is 
lost. In addition, mitochondria also play a very important 
role in the regulation of apoptosis and necrosis. It was 
found that the degree of mitochondrial swelling was 
significantly improved in the IPC group, but not after PKA  
inhibition (35). Similar studies have shown that IPC 
counteracts the excess reactive oxygen species clusters 
produced by mitochondria during reperfusion, and NOS 
slightly increases, which also suggested that the PKA 
pathway may be involved in protective effect of IPC on 
the mitochondria, but the specific mechanism needs to be 
further studied.

Limitations 

Apoptosis also plays an important role in myocardial IRI. 
However, we did not study the effect of ET-1 and NO 
levels on apoptosis. Moreover, the detection indicators and 
the research of signaling pathway were relatively few in our 
study. 

Conclusions

IPC can reduce myocardial no-reflow and reperfusion 

injury, which may be related to a reduction in myocardial 
edema. In the protective effect of IPC on myocardium, 
ET-1 may play an important role in reducing myocardial 
edema and protecting mitochondrial function.
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